This study tested the hypothesis that estrogen enhances axonal sprouting in the hippocampal formation in the female mouse. The entorhinal cortex was unilaterally lesioned with ibotenic acid in control mice and in ovariectomized mice that were treated with a high dose of, a moderate dose of, or zero estrogen supplementation pellets. Four weeks later the density of staining for synaptophysin immunoreactivity and acetylcholinesterase (AChE) histochemistry was measured in the molecular layer of the dentate gyrus. In control mice, lesions of the lateral part of the entorhinal cortex increased synaptophysin and acetylcholinesterase staining (i.e., indicative of axonal sprouting) in the outer one-third of the molecular layer of the dentate gyrus. Mice receiving high and moderate estrogen supplementation displayed the same sprouting response; however, in ovariectomized mice the sprouting response was significantly reduced (to nearly nothing). Thus, in ovariectomized compared with control mice the lesion-induced sprouting response is severely blunted, and this effect is reversed by estrogen supplementation. Together, these findings suggest that estrogen plays a prominent role in promoting neuronal plasticity and remodeling in the dentate gyrus.
After brain injury, several growth processes take place. For instance, the neurons with axons that have been severed respond with growth, or, in the area that is denervated, collateral sprouting, i.e., terminal proliferation (the formation of new terminals), and reactive synaptogenesis take place (Steward, 1991; Deller and Frotscher, 1997) . A number of growth processes underlie this, including growth of axons into the area that is denervated and collateral sprouting by local surviving axons (i.e., terminal proliferation) . Many studies have demonstrated that, after entorhinal cortex ablations, the dentate gyrus of the hippocampus shows an early phase of degeneration of the lesioned axons and terminals, followed by a sprouting response of surviving axons, (Cotman and Nadler, 1978; Steward, 1991) , and thus this system has often been used as a model to elucidate the mechanisms underlying neuronal plasticity after brain injury. This model is especially useful, because the entorhinal cortex axons terminate in precise and organized bands in the outer one-third (lateral entorhinal) and middle one-third (medial entorhinal) of the molecular layer of the dentate gyrus. Thus most alterations in these layers after an entorhinal cortex lesion can be attributed to the ingrowth or sprouting of homotypic collateral axons .
Studies have suggested that during mammalian development, estradiol exerts trophic effects (for review, see Beyer, 1999) . In recent years it has been shown that the adult brain also remains plastic and that sex hormones continue to regulate its structure and plasticity (García-Segura et al., 1994; Dubal et al., 1999) . Experimental studies on animal models have shown that the gonadal steroids, estradiol (Garcia-Estrada et al., 1993) , testosterone, and progesterone (García-Segura et al., 1994) , modulate the response of nervous tissue to injury. Estradiol has been shown to participate in reorganization of denervated nervous tissue (McEwen and Alves, 1999; García-Segura et al., 2001) , and estrogen has been shown to modulate the sprouting of axons after brain lesion in the rat (Loy and Milner, 1980; Morse et al., 1986 Morse et al., , 1992 . Thus far, only one study (Stone et al., 1998 ) has yet assessed the role of estrogen in neuronal plasticity in the mature female mouse cortex; however, this is of import for two reasons. First, the distribution of estrogen receptors differs between rats and mice (Shugrue et al., 1997) , and second, we (and many others) are studying transgenic mice in our current studies .
Therefore, the present study examined the effects of estrogen depletion on axonal sprouting in the mouse dentate gyrus. The entorhinal cortex was unilaterally lesioned with ibotenic acid in control and ovariectomized mice (with or without estrogen supplementation), and the density of synaptophysin and acetylcholinesterase (AChE) staining was measured in the molecular layer of the dentate gyrus.
MATERIALS AND METHODS
Animals. Adult, female mice (C57BL /6J strain; National Laboratory Animal C enter, Kuopio, Finland) were housed two to three per cage at constant humidity (60 Ϯ 5%), temperature (22 Ϯ 1°C), and light cycle (6 A.M.-6 P.M.). After surgery all animals (including controls) were housed individually. At 3 months of age, 10 mice were ovariectomized, 10 mice were ovariectomized and received estrogen supplementation with a moderate dose of estrogen, 10 mice were ovariectomized and received a high dose of estrogen, and 15 mice served as surgical controls. After recovery, i.e., 1 week later, all animals received unilateral entorhinal cortex lesions using ibotenic acid, except for five sham injection control animals. All procedures were approved by the Animal Use and C are Committee of the University of Kuopio, the State Provincial Office of Eastern Finland, and followed the guidelines of the European Communities Council Directive of 24 November 1986 (86/609/ EEC).
Ovariectomy. For ovariectomy (OE), the mice were anesthetized with a mixture of a sodium pentobarbital and chloral hydrate solution (50/50; 36 mg / kg, i.p.). The animal was placed on its abdomen, and the skin on the back was shaved and sterilized. A small dorsal midline incision was made in the skin, approximately in the middle (anteroposterior) of the back, and then a muscle incision was made approximately half way down the side of the body. The ovaries were visualized in the abdominal cavity and retracted from the body using a forceps (they were removed by holding onto the periovarian fat). The junction between the fallopian tube and the uterine horn was cut, the ovary was removed, the uterine horn was replaced in the abdominal cavity, and the wound was closed. After surgery (i.e., on the same day), a pellet containing 17 ␤-estradiol (Innovative Research of America, Sarasota, FL) was placed under the skin at the back of the neck. These pellets released a steady flow of the hormone for the duration of the experiment (i.e., 60 d release pellets). The moderate (0.18 mg per pellet) dose pellets resulted in a moderate level of 75-100 pg /ml of estrogen in the blood; the high (0.72 mg per pellet) dose pellets resulted in a high level of 300 -400 pg /ml of estrogen (Innovative Research of America) in the blood. To control for the efficacy of the ovariectomy and estrogen supplementation after the animals were killed, the weight of the uterus was measured.
Entorhinal corte x lesions. The mice were reanesthetized with a mixture of a sodium pentobarbital and chloral hydrate solution (50/50; 36 mg / kg, i.p.) and placed in a stereotaxic frame, and the needle (90 m tip diameter) of a Hamilton 0.5 l microsyringe was stereotaxically lowered to the entorhinal cortex. In 40 animals, a solution of ibotenic acid (10 mg /ml) in PBS, pH 7.4, was unilaterally injected (2 ϫ 150 nl; i.e., two injections on one side of the brain) into the entorhinal cortex at a rate of 50 nl /min. After the injection, the syringe was left in place for another 5 min before retraction. In five mice, the same procedure was followed, but only vehicle was injected. Four weeks after the lesions, the animals were reanesthetized and transcardially perf used with 50 ml of buffered saline, followed by 100 ml of a 4% buffered paraformaldehyde solution, pH 7.4, to which 0.5% picric acid was added. The brains were removed from the skull and stored in the fixative for 4 hr, and thereafter they were transferred to a 30% sucrose solution for cryoprotection. Three series of (1 in 6) coronal sections (35 m) were cut on a freezing microtome. The first series of sections was mounted on gelatin-coated slides immediately, stained with cresyl violet, and coverslipped. The second series was histochemically stained for AChE, mounted, and coverslipped (van Groen and Wyss, 1992) . The third series was immunohistochemically stained for synaptophysin. The sections were rinsed overnight in a solution of Tris-buffered saline (TBS), and then the series of sections was transferred to a solution containing the primary antibody (mouse antisynaptophysin; 1:1000; Sigma, St. L ouis, MO); this solution consisted of TBS with 0.5% Triton X-100 added (TBS-T). After incubation in this solution for 18 hr on a shaker table at room temperature (20°C) in the dark, the sections were rinsed three times in TBS-T and transferred to the solution containing the secondary antibody (goat anti-mouse -biotin; Sigma). After 2 hr, the sections were rinsed three times with TBS-T and transferred to the tertiary antibody (part of the mouse E xtrAvidin staining kit; Sigma); after staining with the kit and rinsing, the sections were incubated for ϳ3 min with Ni-enhanced diaminobenzidine (DAB) [10 mg DAB in 20 ml 0.1 M phosphate buffer, 30 l H 2 O 2 (30%), pH 7.4, with 1 ml of a 15% ammonium Ni-sulfate solution added]. The stained sections were mounted on slides and coverslipped. The stained material was inspected under light microscopy. To control for the specificity of immunocytochemical staining, the primary antibody was omitted in a few animals.
Measurements. The appropriate sections and areas of the dorsal hippocampus were digitized using a Nikon Coolpix 990 camera, and the images were converted to gray scale using the Paint Shop Pro 7 program. To avoid changes in lighting that might affect measurements, all images were acquired in one session. The optical density was measured in the appropriate band of the molecular layer (i.e., the outer molecular layer) (see Fig. 1 E, F ) of the ipsilateral (to the lesion) and contralateral dentate gyrus and in ipsilateral and contralateral area CA1 (in the same sections) of the hippocampus using the ScionImage (N IH) program. These measurements were done on the same section or on the adjacent, simultaneously stained section. All density measurements were done in triplicate, i.e., by measuring a standardized area at three lateromedial positions at three different levels in the dorsal hippocampus (see Fig.  1C ,E), but at similar lateromedial positions in the dentate gyrus and in area CA1 (see Fig. 1 E) . Density measurements were performed by an investigator who was blind to the treatment of the animals. For analysis the optical density measurements were converted to relative densities; i.e., the density of synaptophysin and AChE staining of the molecular layer of the contralateral dentate gyrus was set as 100%. Furthermore, the width of the molecular layer (and inner molecular layer) of the dentate gyrus and of stratum lacunosum-moleculare and stratum radiatum of area CA1 was measured (see Fig. 1 F) . Again, all measurements were done in triplicate, i.e., measuring the width at three levels of the dorsal hippocampus but at the same lateromedial position in the dentate gyrus and in area CA1 (see Fig. 1C,F ) . This was necessary because the width of these layers varies with the lateromedial position of the measurement in the hippocampus (see Fig. 1 E) . Data were analyzed by Student's paired t test (ipsilateral versus contralateral) and by ANOVA (SPSS version 10.0; between groups), and post hoc tests (T ukey and Scheffe) were performed to determine the source of a significant main effect or interaction.
RESULTS Animals
All animals that received OE had uterine weights that were significantly lower than the control mice (18 Ϯ 2 and 76 Ϯ 2 mg, respectively; p Ͻ 0.01). The estradiol-treated animals had uterine weights that were significantly higher than the control mice [moderate dose estradiol supplementation (M-ES), p Ͻ 0.05; high dose estradiol supplementation (H-ES), p Ͻ 0.01]. The animals that received a moderate dose of estradiol had uterine weights of 125 Ϯ 5 mg that were lower than those of the animals that received the high dose of estradiol (uterine weights of 148 Ϯ 6 mg; p Ͻ 0.05).
Accordingly, the entorhinal cortex lesioned animals were divided into four groups: entorhinal lesion control (EControl; n ϭ 10); OE (n ϭ 8); OE ϩ M-ES (n ϭ 8); and OE ϩ H-ES (n ϭ 8).
Because there were no differences in either the synaptophysin or AChE staining density between ipsilateral and contralateral areas in the hippocampus in the five sham lesion animals, these animals were not included in the analysis.
Entorhinal cortex lesion
The ibotenic acid injection protocol used in this study reliably resulted in partial lesions of the entorhinal cortex. In nearly all cases, the caudal, lateral part of the lateral entorhinal area was lesioned; in five animals, a small part of the lateral part of the medial entorhinal area was also lesioned (Fig. 1 A, B ). There were no significant differences in the size of the lesions between the groups. However, in two animals the entorhinal cortex lesion was very small, and in another two animals the lesion encroached significantly on the hippocampal formation; the data from these four animals were removed from the study. We chose to use partial lesions of the entorhinal cortex because the projection of the entorhinal cortex to the contralateral dentate gyrus is practically nonexistent in the mouse (van Groen et al., 2002 ) and would therefore not sprout. Furthermore, in these experiments we wanted to mimic the partial denervation with its concomitant homotypic sprouting of the hippocampus that is present in early Alzheimer's disease (Hyman et al., 1986 (Hyman et al., , 1988 Kadish et al., 2002) .
In normal mice, 4 weeks after the lateral entorhinal area lesions there was an increase in the density of staining for synaptophysin and AChE in the outer one-third of the molecular layer of the dentate gyrus ipsilateral to the lesion (Figs. 1, 2) . The lesions of the lateral entorhinal area resulted in changes in the density of labeling in the outer one-third of the molecular layer of the dentate gyrus (i.e., lateral perforant path endings), where the axons from the lateral entorhinal area terminate (Fig. 2) . In contrast, the lesions that included part of the medial entorhinal area also resulted in changes in the density of labeling in the middle one-third of the molecular layer of the dentate gyrus.
Measurements
The data of the measurements of the synaptophysin staining density demonstrated that the change in synaptophysin staining density was confined to the ipsilateral dentate gyrus. No measurable changes in density of staining were present in ipsilateral stratum lacunosum-moleculare of area CA1 (where the entorhinal axons also terminate) or in contralateral CA1, or in any other areas of the ipsilateral or contralateral hippocampus (Figs. 2, 3 ). Furthermore, it should be noted that the increase in staining density for synaptophysin was also reflected in material stained for AchE; i.e., this material also showed an increase in density of staining (Figs. 2, 4) . Again, no changes in density of AChE staining were present in any other area of the ipsilateral or contralateral hippocampus (Fig. 2) .
To avoid problems in the interpretation of our data, because shrinkage of the molecular layer would affect the synaptophysin staining density measurements, we measured the width of the dentate gyrus molecular layer (and the width of stratum lacunosum-moleculare/stratum radiatum of area CA1). None of the groups of mice showed a change in the width of the dentate gyrus molecular layer or in the width of stratum lacunosummoleculare ϩ stratum radiatum of area CA1 (Table 1 ).
The data demonstrate that in EControl mice, 4 weeks after the lateral entorhinal area lesions there was a significant increase (from 100% to 119.5 Ϯ 4.4%; p Ͻ 0.001) (Fig. 5 ) in the density of staining for synaptophysin (i.e., sprouting) in the outer one-third of the dentate gyrus molecular layer ipsilateral to the lesion (Figs.  3, 5 ). Both groups of mice that received ES displayed a similar sprouting response after the entorhinal cortex lesion [M-ES from 100% to 121.3 Ϯ 3.8% ( p Ͻ 0.01) and H-ES from 100% to 126.0 Ϯ 3.8% ( p Ͻ 0.01), respectively] (Fig. 5) . However, in mice that were ovariectomized and did not receive estrogen supplementation (i.e., the OE group), the sprouting response was reduced substantially [i.e., no change, 100% and 100.1 substantially Ϯ 0.5% (Figs. 3, 5 ) compared with all other groups; F (3,30) ϭ 6.75; p Ͻ 0.001]. No significant changes in density of synaptophysin staining were present in stratum lacunosum-moleculare of ipsilateral area CA1 (where entorhinal axons also terminate) compared with contralateral CA1 (Figs. 3, 5) .
The AChE staining data demonstrate that in EControl mice, 4 weeks after the lateral entorhinal area lesions there was an increase (from 100% to 126.7 Ϯ 5.9%; p Ͻ 0.05) (Fig. 5 ) in the density of staining for AChE in the outer one-third of the dentate gyrus molecular layer ipsilateral to the lesion (Fig. 4) . The two mouse groups that received ES displayed a similar sprouting response after the entorhinal cortex lesion [M-ES from 100% to 127.9 Ϯ 8.5% ( p Ͻ 0.05) and H-ES from 100% to 118.8 Ϯ 6.4% ( p Ͻ 0.05), respectively] (Fig. 5) . However, in mice that were ovariectomized and did not receive estrogen supplementation (i.e., the OE group), the sprouting response was substantially reduced (i.e., no change; 100% and 100.1 Ϯ 1.2%) (Figs. 4, 5) . These changes in density, however, were not significantly different between the groups (F (3,26) ϭ 2.81; p Ͻ 0.06), because each group had a few animals in which AChE staining was either not changed or changed very little.
DISCUSSION
These studies demonstrate that in mice, after an ovariectomy, the axonal sprouting response of the hippocampal formation to lesions of its main cortical input, the entorhinal cortex, is substantially reduced. Estrogen supplementation, both at a moderate dose and at a high dose, restores the sprouting response to the level of the non-ovariectomized, i.e., the normal mouse. In short, lack of estrogen dramatically reduces plasticity (as indicated by the axonal sprouting response) compared with animals with normal (moderate or high) levels of estrogen present in the bloodstream.
After ovariectomy, with its concomitant reduction in estrogen levels, the uterine weights of the mice are very much reduced, similar to findings in other studies (Ryan and Schwartz, 1980; Stone et al., 1998) . In contrast, the uterine weights are increased after ES compared with normal mice. This is as expected because the moderate dose pellets of estradiol (M-ES) result in blood levels of estrogen slightly above the normal, diestrous levels of estrogen (i.e., 75-100 and 20 -40 pg/ml, respectively); the high dose (H-ES) results in estrogen levels somewhat above the normal, proestrous level (i.e., from ϳ250 to 300 -400 pg/ml, respectively) (Bronson and Desjardins, 1974; Ryan and Schwartz, 1980) . Similar to earlier studies, we show that there is a relation between estrogen levels and uterine weight (Bronson and Desjardins, 1974; Ryan and Schwartz, 1980; Stone et al., 1998) . We have not measured the blood levels of estrogen in our animals in this study, because in a separate study we have measured these levels (Rissanen et al., 1999), and they have been shown to be similar to the above levels.
The main focus of this study has been to use synaptophysin immunohistochemistry to compare the gross synaptic density in the molecular layer of the dentate gyrus after entorhinal cortex lesions (Calhoun et al., 1996) . This technique does not distinguish between synapse types and does not differentiate the identity of the receptor, but it allows us to measure (and compare) presynaptic terminal density over relatively large areas of neuropil. Furthermore, we have only measured changes in the synaptophysin (and AChE) staining density in the dorsal, septal part of the hippocampus, because the axons arising from (the lesioned) lateral parts of the entorhinal cortex terminate predominantly in this part of the hippocampus (Turner et al., 1998; van Groen et al., 2002) .
After the lateral entorhinal area lesions, there is an increase in the density of staining for synaptophysin in the outer one-third of the dentate gyrus molecular layer ipsilateral to the lesion; however, because shrinkage of this layer would have affected the 
Please note that there is no shrinkage in any layer. Figure 5 . Bar graphs demonstrating the optical density measurements of the synaptophysin and AChE staining in the mouse hippocampus. The contralateral density was set as 100%. ECL, Entorhinal cortex lesion (n ϭ 10); OE, ovariectomy (n ϭ 8); M-ES, moderate estrogen supplementation (n ϭ 8); H-ES, high estrogen supplementation (n ϭ 8). *p Ͻ 0.01 significantly different from contralateral; # p Ͻ 0.001 significantly different from OE.
synaptophysin staining density measurements (Wagner et al., 1983) , we measured the width of the dentate gyrus molecular layer. None of the groups of mice showed any change in the width of the dentate gyrus molecular layer or in the width of stratum lacunosum-moleculare ϩ stratum radiatum of area CA1. In contrast, it should be noted that Stone et al. (1998) showed an increase in the width of the outer molecular layer in estrogentreated wild-type mice after perforant path transection.
In earlier experiments, we also established that 4 weeks after the lesion was the earliest time point for measuring unbiased sprouting, i.e., without any interference from degenerative processes . The degenerative processes predominantly take place in the first week after the lesion (Matthews et al., 1976a; Gall et al., 1979; Jensen et al., 1994) . The degenerating axons and terminals in the molecular layer of the dentate gyrus are removed rapidly by astrocytes and microglia (McWilliams and Lynch, 1979; Steward et al., 1990) . Degenerating terminals are being removed within the first day after the lesion by activated microglia (Gall et al., 1979; Jensen et al., 1994) . It has been demonstrated that microglia express estrogen receptors (Mor et al., 1999) and that estrogen has anti-inflammatory effects on microglia (Mor et al., 1999; Bruce-Keller et al., 2000) . Thus the lack of estrogen could have interfered with the functioning of microglial cells and therefore with the clearance of debris, and this would have hindered regeneration. However, in an earlier study, we have examined the activity of microglia and astrocytes, and there were no differences between normal and OE animals 2 and 4 weeks after entorhinal cortex lesions .
The later, "regeneration" phase (which starts ϳ1 week after the lesion) is characterized by reinnervation of the denervated zone, i.e., the sprouting of new axons and the formation of new terminals and synapses in the molecular layer of the dentate gyrus (Matthews et al., 1976b; Steward et al., 1990) . In our previous studies we have shown that there are no differences in the upregulation of two presynaptically expressed proteins (i.e., GAP43 and synaptophysin) after entorhinal cortex lesions . Several electron microscopic studies in the rat have demonstrated that regeneration of synapses is present in the molecular layer of the dentate gyrus after entorhinal cortex lesions (Matthews et al., 1976b; Steward and Vinsant, 1978) . Electrophysiological studies have indicated that the growth of new synapses is accompanied by the reestablishment of the entorhinal evoked field potentials in the dentate gyrus (West et al., 1975; Steward et al., 1983) . Furthermore, Steward (1982) and Ramirez (1997) have reviewed the functional significance of the entorhinal cortex lesion-induced plasticity in the hippocampus, and they have demonstrated that the time course of the ingrowth of entorhinal cortex axons corresponds with the improvement in behavior and electrophysiological properties.
Several fiber systems have been shown to participate in the reinnervation of the dentate granule cells after entorhinal cortex lesions in rats. Thus, the analysis of the effects of entorhinal cortex lesions on sprouting in the denervated zone of the dentate gyrus is complex, because several fiber systems could sprout into the denervated part of the molecular layer of the dentate gyrus. In the rat, the normally sparse, crossed entorhinal-dentate pathway proliferates within the denervated zone (Zimmer, 1973; Steward et al., 1974; Steward and Vinsant, 1983 ). However, it should be noted that in the mouse the crossed entorhinal-hippocampal pathway is practically nonexistent (van Groen et al., 2002) and therefore not likely to contribute significantly to the sprouting response. Furthermore, Lynch et al. (1972 Lynch et al. ( , 1976 and Zimmer (1973) have shown in young rats that there is an expansion of the terminal field of the CA4 commissural/association system into the zone formerly occupied by the entorhinal axons and terminals after complete entorhinal cortex lesions. West (1984) and Deller and Frotscher (1997) have demonstrated a similar expansion of the commissural fiber system after entorhinal cortex lesions in the adult rat; however, no change in the size of the layer occupied by this system is present in our animals. In contrast, White et al. (2001) have shown an expansion of the inner molecular layer in human apolipoprotein E transgenic mice. It is likely that these differences are (partly) caused by the partial entorhinal cortex lesions (with degeneration of the lateral perforant path only) in this study compared with complete entorhinal cortex lesions in the other studies.
It has been demonstrated that the AchE-containing septohippocampal pathway proliferates within the denervated zone (Lynch et al., 1972; Nadler et al., 1977a,b; Stanfield and Cowan, 1982) . Nonetheless, no change in choline acetyltransferase (ChAT) staining is present after the entorhinal cortex lesions in the mouse (Kadish et al., 1999) . Furthermore, the change in density of staining for AChE is not related to an actual increase in axon number (Calhoun and Mouton, 2001 ; our preliminary studies). High-power analysis of the zone of upregulated AChE staining shows a higher density of staining per axon and clumps of AChE associated with axons; together these indicates a higher expression of AChE per axon. Furthermore, Henderson et al. (1998) have demonstrated in the rat an apparent increase in the density of ChAT-containing terminals after unilateral entorhinal cortex lesion; however, they concluded that this increased density could be accounted for entirely by tissue shrinkage. In contrast, it should be noted that Nyakas et al. (1988) demonstrated an increased innervation from the septum to the hippocampus after unilateral entorhinal cortex lesions in the rat. Taken together, this may indicate that some of the noncholinergic (i.e., GABAergic) septal axons possibly sprout after entorhinal cortex lesions. Ovariectomy per se also influences the cholinergic system. Luine (1985) has shown a significant decrease in ChAT staining in the hippocampus 2 weeks after ovariectomy in the mouse, but Gibbs et al. (1994) have demonstrated that 4 weeks after an ovariectomy the ChAT levels in the hippocampus have returned to normal. We do show, however, a significant increase in the density of staining for AChE after the entorhinal cortex lesion in the mouse, indicating that this enzyme is upregulated in the hippocampus. This would concur with the suggestion that AChE has a function in regulating plasticity as such (Small, 1989) .
The sprouting response in the dentate gyrus after entorhinal cortex lesions is dramatically reduced in ovariectomized animals, suggesting that a lack of estrogen leads to a reduction in plasticity. This hypothesis is corroborated by the results of the ES mouse groups, because the estrogen supplementation in the ovariectomized mice enhanced the regeneration response of the brain to lesions to a level similar to that of normal, non-ovariectomized mice.
Many studies have suggested that estradiol is a trophic hormone in the brain during fetal development (Beyer, 1999) , and it has been demonstrated that the adult brain remains highly plastic and hormone regulated (García-Segura et al., 1994; Desmond and Levy, 1997) . Estradiol influences this plasticity by acting as an important trophic and protective factor throughout the life span, even in the human brain (Garcia-Estrada et al., 1993; García-Segura et al., 1994; McEwen and Alves, 1999) . The neurotrophic effects of estradiol are many: induction of neurite outgrowth, den-dritic spines, and synaptogenesis; influence on long term potentiation and excitability; and enhancement of gene expression (García-Segura et al., 1994; Desmond and Levy, 1997; McEwen and Alves, 1999) . It has been shown that sex differences are present in the reaction of the rat brain to injury (Loy and Milner, 1980; Morse et al., 1986) . Estrogen supplementation has been shown to enhance axonal sprouting and the regeneration of lesioned neuronal processes in the hippocampus of the rat (Morse et al., 1992) . Morse et al. (1992) have shown an increase in the width of the commissural/associational pathway after complete entorhinal cortex lesions.
Estradiol may exert its trophic and protective effects by acting via classic genomic mechanisms (i.e., through the estrogen receptor) on various genes, including the neurotrophins and their receptors, cell death proteins and structural proteins (McEwen and Alves, 1999) . There are two known estrogen receptors, ER-␣ and ER-␤, and the colocalization of estrogen receptors, neurotrophins, and their cognate receptors suggests potential interactions between estrogen and neurotrophins (Gibbs et al., 1994) . Furthermore, estradiol may exert direct protective effects by modifying blood flow (Mendelsohn, 2000) . These effects are both short-term, i.e., direct modulation of vascular smooth muscle cell relaxation, and long-term, i.e., through estrogen receptormediated changes in gene and protein expression (Mendelsohn, 2000) . Another pathway through which estrogen could exert its effects is by means of the nongenomic membrane receptors and their signaling pathways (such as cAMP and IP 3 ) (Beyer, 1999; McEwen and Alves, 1999) .
In summary, our data demonstrate that low levels of estrogen lead to a reduction in the sprouting response in the dentate gyrus after entorhinal cortex lesions; i.e., low estrogen levels lead to a reduction in brain plasticity. Numerous studies from humans and animal models have suggested that estrogen may be beneficial in preserving cognitive function (Desmond and Levy, 1997; Brinton et al., 2000; Henderson et al., 2000) . The ability of gonadal steroids to alleviate neurological symptoms has been addressed in human studies (Fillit et al., 1986) , and recently it has been reported that estradiol may be beneficial in neurodegenerative diseases such as Alzheimer's disease (Brinton et al., 2000 , Henderson et al., 2000 . Together, these data may provide a better comprehension of the clinical observations of improved cognitive function and decreased neurodegeneration in women who receive hormone replacement therapy.
